Dielectric properties of I-III-VI 2 -type ternary chalcopyrite semiconductors, including linear and second order nonlinear optical susceptibilities at 10.6 m, have been quantitatively studied from the chemical bond viewpoint. Contributions from each type of constituent chemical bond, i.e., I u VI and III u VI bonds, to the total linear and nonlinear optical properties of these compounds at 10.6 m have been theoretically determined. The chemical bond method quantitatively expresses the trends in the dielectric properties of these compounds, which is helpful for carrying out modeling of their properties.
I. INTRODUCTION
For more than 20 years, chalcopyrite semiconductors with the formula I-III-VI 2 ͑where I, III, and VI represent elements in the corresponding columns of the periodic table͒ have attracted much attention due to their potential applications in nonlinear optical ͑NLO͒ devices, detectors, solar cells, etc. 1 As the chalcopyrite crystal structure is noncentrosymmetric, these compounds possess the essential property of a nonzero NLO tensor which can be quite large. Some chalcopyrite semiconductors that are part of the large family of I-III-VI 2 compounds, such as AgGaS 2 , AgGaSe 2 , etc., have become useful in NLO device applications with strong commercial possibilities. It is of interest to ask whether other materials in this class, or mixed crystals and alloys of two end compounds of this class, might offer excellent NLO responses. More generally, it is of interest to understand the origin of the NLO responses in these I-III-VI 2 -type materials and to study the trends within this family of compounds. In the present work, our choice of I, III, and VI atoms allows us to consider the trends in the group I, group III, and group VI atoms separately in this class of materials with the general formula I-III-VI 2 .
I-III-VI 2 -type chalcopyrite semiconductors crystallize in the space group I4 2d with four formula units in each unit cell, which is a ternary analog of the diamond structure and essentially a superlattice ͑or superstructure͒ of zinc blende. Like the atoms in diamond and zinc blende structures, each constituent atom in these ternary compounds, I, III, and VI, is tetrahedrally coordinated to four neighboring atoms. Thus there is much research interests in their hardness ͑e.g., Refs. 2-4͒ and pressure-induced behaviors ͑e.g., Refs. 5 and 6͒. Fundamental work has been done on various structurally similar III-V and II-IV-V 2 semiconductors. [7] [8] [9] Yet up to now there is no comprehensive work that concerns the secondorder NLO behavior of these I-III-VI 2 -type chalcopyrite semiconductors, although their potential NLO applications have been emphasized.
A comprehensive understanding of the origin of the optical nonlinearity of NLO crystalline materials is one of the most interesting subjects in the area of nonlinear optics, and has been intensively studied. Various theoretical methods starting from Miller's empirical rule up to the current firstprinciples calculations-at different approximation levels and from different starting points [10] [11] [12] [13] [14] [15] -have been applied to this subject. In the current work, we will present a quantitative study on these interesting semiconductor compounds, which is based on the chemical bond method.
One of the most interesting aspects of these I-III-VI 2 -type chalcopyrite semiconductors is the electronic configuration of the group I transition metal ion. Cu has the ground state electron configuration ͓Ar͔3d 10 4s 1 ͑shell structure 2. [16] [17] [18] [19] [20] [21] on this topic have shown important contributions from d electrons to the I u VI bonds in chalcopyrite compounds, yet these works have not given us an explanation of their NLO behaviors. In the present work we will follow the principal assumptions made previously [16] [17] [18] [19] [20] [21] and treat d electrons as addition to the valence electrons of the type I ions that participate in the formation of I u VI bonds. The contributions from these modified I u VI bonds to the total linear ͑i.e., refractive indices n o ) and second-order nonlinear ͑i.e., nonlinear optical susceptibility tensor coefficients d 36 ) optical responses of these I-III-VI 2 type chalcopyrite semiconductors will be quantitatively scaled.
II. THE CHEMICAL BOND METHOD
The dielectric theory of solids proposed by Phillips and van Vechten ͑also referred to as PV theory͒, 22, 23 the bondcharge model developed by Levine, 11, 24 and the bondvalence model perfected by Brown 25, 26 show us that chemical bonding behavior and related bond parameters of a crystal are the important indices that allow us to properly express complicated interactions among all constituent atoms or ions in a real crystal. The chemical bond is thus one of the effective starting points in understanding the complex relationship between composition, crystallographic structure and chemical and physical properties of solids.
The original PV theory can successfully deal with chemical bond properties of binary crystals, e.g. On the basis of this idea, physical properties can be calculated for simple single bonds and added up geometrically to yield the macroscopic properties of the crystal. During the decomposition of a multibond crystal into its constituent single chemical bonds, the charge-neutrality principle in any crystal formula must be obeyed; furthermore, each atom shares its valence as equally as possible among the bonds that it forms. 25 The following two network equations ͑with the same meaning as proposed by Brown 25 ͒ should always be obeyed:
where each atom A in the corresponding lattice is assigned a formal charge equal to its atomic valence or oxidation state (V A ) and each bond between atoms A and B is assigned a bond valence (s AB ). The sum of the bond valences ͑each with appropriate algebraic sign according to the bond direction͒ at each node atom in the network equals its formal charge; the sum around any loop is zero. The above idea allows PV theory and Levine's model to be successfully applied to any kind of multibond crystal. As shown previously, 15, 27 the chemical bond method regards certain macroscopic physical properties of a crystal as the combination of the contributions of all constituent chemical bonds. Thus the linear and nonlinear optical properties of any crystal can be calculated by using the appropriate geometric sum of the corresponding properties of its constituent chemical bonds.
In a multibond crystal, the linear optical property can be ascribed to contributions from the various types of bonds,
where F is the fraction of bonds of type composing the actual crystal. N b is the number of chemical bonds of type per cm 3 . b is the susceptibility of a single bond of type . ϭ͑4
where ⍀ p is the plasma frequency, E g is the average energy gap between the bonding and the antibonding states, and 
III. APPLICATION TO CHALCOPYRITES
The semiconductors of the I-III-VI 2 family are isoelectronic with the zinc blende II-VI compound semiconductors. Both zinc blende and chalcopyrite crystallographic structures are sketched in Fig. 1 for comparison. From the crystallographic viewpoint, the tetragonal unit cell of chalcopyrite can be regarded as a concatenation of two cubic unit cells of the zinc blende structure stacked on top of each other along the c axis. The group II ions of the zincblende structure are alternately replaced by group I transition metal ions and group III ions. Furthermore, the structure suffers a tetragonal distortion: the unit cell is slightly strained in the c-axis direction. According to the following equation ͓derived using formula ͑1͔͒, the chalcopyrite structure can be decomposed into two sorts of bonds:
The macroscopic properties of the I-III-VI 2 compounds can be referred to the microscopic contributions from these two basic structural units-I-VI and III-VI-connected in an infinite network. For crystals, due to their periodicity, this infinite network can be reduced to a finite network consisting of only a single formula unit; the graph of this network for I-III-VI 2 -type compounds is shown in Fig. 2 While the number of valence electrons for the group III and group VI ions can be treated as fixed, for the value of (Z I I -VI )* a substantial portion of the d electrons of the transition metal must be formally included into the number of valence electrons. The amount depends on the specific compound. How to treat this ''d-electron problem'' is one of the key points and one of the most interesting aspects of the current calculations. Different approaches have been chosen in the past to account for this number. Neumann, 17 e.g., used a fixed value, including all of the d electrons, Merino et al. 21 derived values from band structure calculations of Jaffe and Zunger. 18, 19 In the present work, we choose a different fitting 
we follow Levine's conclusion that the structural factor b ϭ0.089 yields satisfactory results for a wide range of crystal classes, including zinc blende and wurtzite. 11, 24 From the fit, using Eqs. ͑3͒-͑6͒ and ͑8͒, proper values for (Z I )* can be derived.
Unfortunately, up to date there are only few experimental data available concerning the dielectric properties of the I-III-VI 2 -type compounds. [28] [29] [30] Therefore, we deduce the missing values of the refractive indices using a linearized interpolation scheme based on the average atomic number of the compound. 31 Crystallographic structure data for all I-III-VI 2 compounds we studied here are taken from Ref. 19 . From these data the bond geometries can be derived. On the basis of this structural information and following the decomposition formula Eq. ͑7͒, the macroscopic optical properties for each I-III-VI 2 crystal can be calculated by summing up the microscopic contributions of its corresponding constituent chemical bonds.
IV. RESULTS AND DISCUSSION
Starting from the chemical bonding structures of all constituent atoms in the I-III-VI 2 compounds, we have quantitatively calculated chemical bond parameters of all constituent chemical bonds, and further their quantitative contributions to the total linear and nonlinear optical properties of the whole crystal. Calculated results are summarized in Table I .
The restrictions imposed by the crystal symmetry 32 Table III . The large differences between the results calculated by different authors can be ascribed to the following facts.
͑1͒ Different approaches are used to determine the d-electron contribution to the formal valence of the group I transition metal ions.
͑2͒ Dielectric responses at different wavelengths are concerned; the current work studies properties at 10.6 m, while in other works static conditions are assumed. 17, 21 ͑3͒ Different methods are used to treat (Z VI )*. The present work determines the value for (Z VI )* on the basis of its bond graph; the two types of bonds are treated differently. The other work 17, 21 uses a fixed value of 6.0 ͑due to the outer shell electronic configuration s 2 p 4 ). In fact, as shown in Fig.  2 , the four bonds of the group VI ions are not equal; therefore, it is reasonable to deduce the effective valence electron number of ions from the corresponding bond graph.
The ionicity values show that the I u VI bonds are more covalent than the III u VI bonds ͑due to the strong d-electron effect of the I ions͒. This agrees well with previous conclusions of Jaffe and Zunger. 18, 19 Table I shows that there are differences in the contributions of the I u VI and III u VI bonds to the dielectric response, especially the nonlinear optical properties, of the I-III-VI 2 -type compounds. In order to understand the property-changing trends in these materials more thoroughly, we compared the ionic and covalent contributions of the individual bonds. The ionic contribution is calculated from the first term in Eq. ͑6͒ ͑based 11 on the electronegativity difference of the two bonded atoms A and B), the covalent contribution from the second term ͑based on the atomic size difference of the two atoms 11 ͒. The results are detailed in Table IV . Several trends can be derived: ͑1͒ The ionic contributions are always larger than the covalent ones. ͑2͒ The ionic contributions of the two different bonds in a compound tend to cancel. ͑3͒ In Te compounds the covalent contributions tend to a further cancellation of the remaining ionic contributions. These and other trends can also be found in the plot of the total second-order nonlinear optical susceptibilities of the compounds considered plotted as a function of the crystal composition ͑Fig. 3͒.
V. CONCLUSION
From the chemical bond viewpoint, we have analyzed second-order nonlinear optical properties of several Cu and Ag based I-III-VI 2 -type semiconductors, which are potential candidate materials for frequency-doubling applications. Calculations of the contributions of the different constituent chemical bonds to the total dielectric response of the crystals demonstrate their individual role. The present work also quantitatively shows that the d electrons of the group I transition metal ions are one of the important factors that dominate the contributions of the I u VI bonds to the total optical response of the compound. The trends found in the chalcopyrite compounds investigated here provide important guidelines for future improvement of the nonlinear optical properties of these and similar materials. Furthermore, the present work shows that the I-III-VI 2 -type compounds have predominantly ionic character of the chemical bond.
